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ABSTRACT 
 
The movement of coarse gravel in rivers in streams is important for many applications 
including wildlife habitation, river morphology, infrastructure maintenance and marine 
navigation. Physical sampling remains the most accurate method of determining coarse bedload 
transport but it can be expensive, dangerous and flow intrusive. Surrogate methods of monitoring 
bedload transport is an active area of research worldwide. One such method is the use of passive 
acoustics to record the sound generated when gravel particles in motion impact each other or the 
particles on the bed. This dissertation presents research and development that has been conducted 
on three key areas within this topic: laboratory studies studying the sound generated from single 
particle impacts, the assembly and calibration of commercially available hardware, and three 
case studies collecting acoustic data in conjunction with physical samples. 
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1 INTRODUCTION 
 
In general, sediment transport can be defined as the movement of particulate matter 
through a fluid. One example of this is sediment being moved by water in rivers and streams. In 
river systems, sediment is typically transported either along the bed as bedload or above the bed 
in the water column as suspended load. These two modes of transport are often treated 
separately, but both contribute to the total sediment load (Garcia 2008). This total sediment load 
has a far-reaching array of implications: erosion, channel geomorphology, wildlife habitation, 
marine navigation, and many others. For these reasons, a method of accurately measuring and 
predicting the sediment load for a given fluvial system is highly desired in many areas of 
research and practice. Typical quantities of interest in sediment transport are the specific bedload 
discharge 𝑞𝑏 [𝑘𝑔 𝑚
−1 𝑠−1] which is a local bedload discharge measured or calculated at the 
verticals in a cross section, total bedload discharge 𝑄𝑏 [𝑘𝑔 𝑠
−1], total bedload mass 𝑉𝑏[𝑘𝑔], the 
spatial and temporal variability of bedload discharge, and initiation of motion and grain size 
distribution (Habersack et al. 2017). 
A reliable formula for predicting sediment loads has been sought for several decades. In 
Sedimentation Engineering, the classic manual for the American Society of Civil Engineers, 
Vanoni (1975) detailed 13 different formulas for predicting bed sediment load under uniform 
steady flow, dating as early as 1935. Many of these formulas were derived using the same set of 
flume experiments (Gilbert and Murphy 1914) or were determined theoretically under restrictive 
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assumptions. By and large, these formulas are specific to the situations under which they were 
derived. Care must be taken when applying a formula to ensure that it applies to the conditions 
being modeled. In addition, most of the formulas rely heavily on the boundary shear stress, 
which is difficult to measure and predict. The degree of dependence varies between formulas, but 
any error in the shear stress causes a majority of the formulas to be inaccurate. Multiple studies 
have been conducted comparing the performance of predictive formulae (Gomez and Church 
1989; López et al. 2014) showing that no single formula performs very well under real 
conditions. In addition, it has been repeatedly shown that bedload transport rates can vary 
significantly both in time and position on a cross-section, even in steady flow conditions 
(Ehrenberger 1931; Einstein 1936; Carey 1985; Hubbell et al. 1985; Kuhnle and Southard 1988; 
Gomez and Church 1989; Gomez et al. 1989; Habersack et al. 2001) 
 In the absence of reliable predictive equations, physical samples remain one of the most 
accurate methods of determining sediment transport. The limited availability of broad-scope field 
studies is a recurring problem in the prediction and modeling of sediment transport. There is 
active research into the best practices and methods for taking physical samples, particularly with 
bedload. Most current methods of direct bedload measurement can be described as either 
slot/trap samplers or bag samplers.  
 Slot samplers consist of a pit installed in the bed of the river or stream. The pit is topped 
with a lid that has a slot which allows sediment traveling along the bed to fall into the pit 
(Hubbell 1964). Reid et al. (1980)  describe a pit sampler with a pressure pillow that allowed a 
continuous record of the mass in the sampler due to accumulated bedload. Habersack et al. 
(2017) list several researchers around the world who have used such samplers “(Kuhnle 1992) in 
the United States, (Harris and Richards 1995) in the UK, (Cohen and Laronne 2005) in Israel, 
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and (Garcia et al. 2000; Vericat and Batalla 2010) in Spain”. Slot samplers provide useful 
information about the total sediment load during an event, but they require installation into the 
river bed as well as regular maintenance and emptying of the pits. 
Examples of commonly used bag samplers include pressure-difference samplers and 
Bunte traps. Pressure-difference samplers, such as the Helley-Smith (HS) (Helley and Smith 
1971; Childers 1999) and the Toutle River-2 (TR-2) (Childers 1999), are among the most 
common portable instruments used to sample bedload in transport. These consist of a mesh bag 
attached to a metal nozzle pointed upstream. The samplers can be either hand held or operated 
with a suspension system. The device is lowered onto the bed for a period of time and then raised 
out of the water. The sample is then collected by emptying the bag. Bunte traps (Bunte et al. 
2004) are a type of bag sampler that is designed to be installed onto the bed of the river and 
allow for a longer sampling time than the typical pressure-difference samplers. The bags of 
Bunte traps must be removed by hand while the trap is submerged. For this reason, Bunte traps 
are limited to wadable river systems. However, multiple traps can be installed on a cross-section, 
which provides a better indication of the cross-wise transport of bedload.  
Multiple studies have compared samplers of different types. Childers (1999) compared 
six different types of pressure difference samplers and showed that each one sampled different 
ratios of sediment relative to the other samplers and that these ratios changed when the bedload 
had minimal or large percentages of sand-sized particles. Sterling and Church (2002) compared a 
pit sampler to a HS sampler. Based on their data and the variability of the samples collected by 
the HS, they concluded that the accuracy of the HS was inadequate for use in monitoring coarse 
gravel transport. Marr et al. (2010) conducted a large-scale flume experiment comparing four 
standard pressure-difference samplers and invited analysis of the data which they made publicly 
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available. Variation in samples exists across all types and sizes of sampler, so it is critical for the 
accuracy of a study that all data conducted by that study be collected with the same hardware and 
following consistent procedures (Ryan and Troendle 1997). In addition to the issues with 
variation based on hardware choice, direct sampling is typically expensive and labor-intensive. 
Therefore, there is active research into surrogate methods for monitoring bedload. Gray et al. 
(2010) discuss many of these methods in detail and compare and contrast them, pointing out that 
there is no standard method for monitoring bedload. One area of particular focus for surrogate 
methods is acoustics. Acoustic methods are generally significantly less expensive and can 
provide far superior temporal resolution compared to physical sampling methods. This time 
record of bedload transport can provide much more accurate information to those studying the 
physical processes of rivers and streams.  
 In general, acoustics can be defined as “the generation, transmission, and reception of 
energy as vibrational waves in matter” (Kinsler et al. 2000). This field is often discussed in terms 
of active or passive acoustics. Systems that generate sound and then measure how that sound 
behaves are termed active acoustic systems. Passive systems are those that do not generate their 
own sound but instead analyze sound generated by other sources (Crocker 1998). In other words, 
passive systems ‘listen’ to a source and analyze the sound. Common active acoustic systems 
include traditional sonars such as fish finders and acoustic Doppler current profilers (Rennie et 
al. 2002; Sontek 2019). Passive acoustic systems involve using an underwater microphone 
(called a hydrophone) to listen to sounds of interest. This is commonly employed in 
oceanography, including listening to whale sounds that propagate long distances, as well as 
monitoring and analyzing noise from human activities, such as drilling and shipping (Medwin 
and Clay 1998). 
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Applying the principles of passive acoustic methods to the problem of monitoring gravel 
transport has been explored for some time (Rigby et al. 2016). The methods that have received 
the most attention can typically be broken into two categories: measuring the sound of gravel 
particles impacting an instrument and measuring the sound made by gravel particles impacting 
other gravel particles. The most common examples of the first method are instrumented pipes 
(Papanicolaou et al. 2009; Mizuyama et al. 2010) and plates (Krein et al. 2008; Moen 2010; 
Rickenmann et al. 2014; Hilldale et al. 2015). These instruments tend to work well but require 
permanent installation and maintenance and can miss sediment particles that move fast enough to 
skip over the instrument.   
The second category of passive acoustic bedload monitoring (listening to gravel particles 
impact each other) is the focus of the work presented here. When gravel particles are in transport, 
they impact other particles in transport as well as particles on the bed. The sound generated by 
these impacts is termed ‘sediment generated noise’ or SGN. The physical mechanism for the 
generation of sound waves from impacting spheres has been determined to be dominated by 
Hertzian Acceleration (Thorne and Foden 1988), also termed Rigid Body Radiation (Akay 
1978), rather than by the natural resonance modes of the particles. Characterizing the bedload in 
transport by monitoring the SGN has been studied in both the laboratory and the field.  
Laboratory experiments have been conducted to investigate the acoustic properties of 
bedload discharge. Flume experiments monitoring the sound of similar-sized particles (Johnson 
and Muir 1969) being moved by flowing water in a flume produced a relationship between 
hydrophone signal and bedload discharge. Experiments using glass spheres and gravel of mixed 
sizes (Thorne 1985; Thorne 1986; Thorne and Foden 1988) produced relations between particle 
size and acoustic frequency. Further discussion of these studies can be found in Chapter 2. 
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Encouraged by the relationships shown by laboratory work, several field studies have 
been conducted attempting to measure SGN. One of the earliest was conducted in the UK by 
Richards and Milne (1979). Their studies showed general trends between SGN and bedload flux 
but a wide degree of scatter, which they attributed in part to poor streamlining of the 
hydrophone. Further studies were conducted on the Trinity River near Weaverville, CA, USA 
(Barton 2006; Barton et al. 2010). These experiments again showed general correlation between 
acoustic emissions and bedload flux and suggested that further development of the science was 
needed before the technology became a general method for monitoring bedload transport. Most 
recently, a series of experiments was conducted on the Drau River (Geay et al. 2017) in which 
multiple methods of monitoring bedload were used. They concluded that hydrophones are 
capable of monitoring the occurrence of bedload transport and of determining the size of 
particles in transport and that further knowledge is needed to fully interpret the acoustic signals.  
The work presented here furthers this research by investigating three topics. First, a series 
of laboratory experiments designed to help determine the sound generated by individual gravel 
particles moving at different speeds were conducted in a custom-built gravel movement tank. 
The tank was built at the National Center for Physical Acoustics (NCPA) at the University of 
Mississippi, USA. The tank had a replaceable bed consisting of gravel glued to plywood, thus 
making the bed material immobile. It was also equipped with a programmable motor that could 
pull test gravel particles at controlled speeds, thus simulating precisely-controlled bedload flux 
which allowed individual particles to be matched with their acoustic signatures.  
Second, a hydrophone-based acoustic recording system was assembled and calibrated. 
One area of needed development is suitable hardware for recording SGN in different 
environments so that data can be readily compared. There is no standardization for measuring 
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and comparing sediment transport with hydrophones across the different studies around the 
world. Many of the field studies reported in the literature either make little mention of the 
acoustic hardware used or don’t calibrate their equipment to determine the hardware’s effect on 
the signal measured. This dissertation describes a mobile hardware system that was developed to 
be deployable in a wide range of rivers. The system was assembled using commercially available 
hardware that is readily accessible. The constituents were chosen and assembled in a way that 
made deployment adaptable to individual river requirements, and the system was designed to run 
for up to 16 hours unattended.  The calibration of each system component is described in detail 
so that other users can perform similar calibrations on different systems.  This allows the data 
collected from other calibrated systems to be compared and used to further the study of SGN for 
the measurement of gravel transport in streams and rivers.  
Finally, the field system was in three river environments. It was deployed for one month 
on Halfmoon Creek near Leadville, CO, USA, in the summer of 2015. Two hydrophones were 
placed upstream of six Bunte traps. Acoustic data was collected nearly continuously for the 
duration of the deployment. Physical samples were collected at intervals determined in-situ. The 
hydrophones were also deployed on the Elwha River near Port Angeles, WA, USA in 2016 and 
the Trinity River near Weaverville, CO, USA in 2017. In both cases the hydrophones and data 
collection hardware were installed on a raft that allowed the hydrophones to be moved across the 
rivers. In both cases, physical samples were collected using a TR-2 deployed from a raft. 
Presented here are the physical and hydrological properties of the fluvial systems, descriptions of 
the deployment methods, and analysis of the data in comparison to the physical samples taken. 
The overall goal of this research is to advance the use of SGN as a surrogate method for 
measuring coarse sediment transport.  Three main areas of research were: tank experiments, 
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assembly and calibration of an acoustic system, and field measurements. This dissertation is 
comprised of five chapters, with a chapter devoted to each of the three areas of study. Chapter 1 
(this chapter) is the Introduction which describes the motivation for the research and how the 
three areas of study fit together. Chapters 2, 3, and 4 are the major topics of study. All three 
chapters are written in the format of stand-alone manuscripts. Therefore, each of the chapters 
includes sections typical of journal articles: abstract, introduction with literature review, 
materials and methods, results / discussion / conclusions. Chapter 5 has conclusions for the entire 
body of work and lays out areas of continued and future research. 
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2 LABORATORY EXPERIMENTS FOR PASSIVE ACOUSTICS 
MEASUREMENT OF COARSE GRAVEL TRANSPORT 
 
2.1 Abstract 
Passive acoustic methods have been investigated as a potential surrogate method for 
monitoring coarse bedload transport in rivers and streams. The hypothesis is that details of the 
particles in transport can be determined by analyzing the sound generated by those particles 
when they impact each other, termed sediment generated noise (SGN). To test the validity of 
using SGN as a surrogate method for monitoring bedload transport experimentally, a study using 
a custom test tank was conducted at the National Center for Physical Acoustics (NCPA). The 
tank had replaceable artificial beds with fixed gravel particles and a mechanism for pulling rocks 
at controlled speeds which allowed a range of reproducible sediment flux values. This unique 
tank environment was used for experiments focused on the sound generated by individual 
particles with measured characteristics rather than an ensemble of particles. These experiments 
were of two types: (1) dragging particles horizontally and (2) dropping particles vertically and 
recording the sound produced by the collisions. The rock dragging experiments were used to 
investigate the relationship between acoustic energy and total sediment flux as well as the 
relationship between frequency and particle size. The particle dropping experiments were used to 
determine a log-linear relationship between particle size and frequency.
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2.2 Introduction 
 
In historical studies of SGN, laboratory experiments were conducted to investigate the 
acoustic properties of bedload discharge. Johnson and Muir (1969) conducted a series of flume 
experiments of similar-sized particles. Recirculating flowing water through the flume made 
gravel particles move while hydrophones detected the acoustic signals of the impacts. Their 
hydrophone was carefully streamlined and when tested in a flume with no bed material they 
observed no measurable signal. They concluded that any detected signal in later experiments 
would be from inter-particle collisions. Bedload discharge was determined by catching the gravel 
particles as they reached the end of the flume. The researchers derived a relationship between 
hydrophone signal (𝑀𝑠) and bedload discharge (𝑞𝐵) in terms of constants a, b which depend on 
physical properties of the water, sediment, hydrophone, and the electronics of the recording 
system. These constants were determined from regression analysis. 
𝑞𝐵 = [(𝑎
2 + 𝑏𝑀𝑠
4
3)
1
2
− 𝑎]
3
2
 
They noted scatter in their results, which they posited to be due to the difference in the actual 
particles measured since the hydrophone measured impacts across its detection range while the 
bedload discharge was calculated only from the particles that reached the end of the flume.  
The next significant laboratory study of SGN was a series of experiments by Thorne et al. 
using glass spheres and gravel of mixed sizes (Thorne 1985; Thorne 1986; Thorne and Foden 
1988) to investigate the physical processes involved in the generation of sound by impacting 
particles. Thorne adapted the work of Koss and Alfredson (1973) who described the sound field 
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radiated by two spheres undergoing an elastic collision. Thorne (1986) demonstrated that while a 
few of the lowest-order resonance modes can be excited by inter-particle collisions, they are too 
high in frequency to be audible and are dominated in intensity by the Hertzian acceleration, also 
termed Rigid Body Radiation (Akay 1978). Thorne (1985) used the idea from Koss (1974) that 
the frequency arose from twice the total duration of the contact between the two particles. Using 
the time of contact for two spheres of the same size (Goldsmith 1960), Thorne determined a 
relationship between the peak frequency f  and particle diameter D in meters:  
 
𝑓 ≈ 0.182 [
𝐸
𝜌(1−𝜎2)
 ]
0.4
(
𝑔0.1
𝐷0.9
)   𝐻𝑧  (Equation 1) 
 
where E is Young’s modulus, 𝜌 is the density, 𝜎 is Poisson’s ratio, g is the acceleration due to 
gravity. Thorne then conducted experiments with glass particles rotating in a drum and found 
that the frequency relation compared favorably to his measured frequencies.  
These experiments provide the basis for the hypothesis that acoustic amplitude and 
frequency can be used to determine useful properties of coarse gravel transport, such as bedload 
transport rate and particle size.       
As pointed out by Johnson and Muir (1969), one problem with typical laboratory studies 
on SGN is that it is difficult or impossible to know precisely which particles are being detected 
acoustically versus which ones contribute to the measured sediment flux. This has made it 
difficult to relate the acoustic properties of impacting particles to properties of interest such as 
dimensions and mass. Studies such as those conducted by Thorne and associates avoid this 
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problem by using a closed system of large numbers of particles so that it is known which 
particles contributed to the sound recorded. In addition, earlier studies were conducted before the 
technological resources needed for digitization and storage of the raw data were available.  
The work presented in this chapter furthers the research of the acoustic properties of 
coarse particle collisions and their relationship to sediment flux and particle size. In particular, a 
series of experiments was focused on the sound generated by small numbers of mobile particles 
impacting stationary particles. The experiments used two modes of induced motion: in some 
experiments the test particles were dragged horizontally across an artificial bed of stationary 
particles, while in others the particles were dropped vertically onto a submerged particle. The 
method of using a motor to drag particles across a bed provided numerous benefits over a 
traditional gravel flume. In these dragging experiments, the only particles in motion were the test 
particles, whereas in a traditional flume the entire bed is typically in motion. In addition, the 
motor allowed the speed of the particles to be controlled and measured. Finally, the use of the 
motor allowed for particle movement while significantly reducing the external noise that is 
typically introduced by pumping large amounts of flowing water. Even with this level of control, 
some sources of noise from the motor and structure-borne vibrations existed as well as some 
uncertainty in the relative orientation of particle impacts (even though the dragged particle was 
somewhat constrained by the string) and the uncertainty of particle size of the particles on the 
bed that were impacted. Conducting the experiment by dropping particles vertically removed the 
sound from the motor and attempted to limit the scatter in the data due to the variation in relative 
orientation of the particles at the point of impact by dropping onto a single large cobble. 
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2.3 Materials and Methods 
 
2.3.1 Test tank 
 
The test tank was designed and constructed at the National Center for Physical Acoustics 
(NCPA) on the campus of the University of Mississippi, in Oxford, Mississippi, USA. The test 
tank was 4 ft (1.22 m) wide, 12 ft (3.66 m) long, and 4 ft (1.22 m) deep. The two short walls and 
one long wall were made of opaque sheet PVC. The fourth wall was made of clear polycarbonate 
so that the gravel bed, water depth and test particles could be seen from the side. The tank was 
built to allow different artificial gravel beds to be placed on the bottom. A base structure was 
installed to allow bed pieces to be exchanged. Two bed types were made, one with pea gravel 
(~10 mm) and one with coarse gravel (~40 mm). The beds were constructed by gluing gravel 
particles onto ¾” plywood sheets. The sheets were placed to form a continuous bed the 
approximate length and width of the tank. An Ironhorse MTSS-P50-3BD18 motor with a 
variable frequency driver was used to drag individual rocks across the bed. (Figure 1). In flume 
experiments where water is used to move particles, there can exist detectable acoustic energy due 
to the turbulent flow of the water as well as the interaction between the water and the 
hydrophones. This signal can mask the sound generated by inter-particle collisions. Dragging the 
particles by attaching a thin line to the particle and to a motor mitigates this issue of flow noise 
and somewhat constrains the motion of the particle.   
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Figure 1: Gravel dragging tank. A. Programmable speed motor. B. Adjustable bar to control dragging 
angle. C. Hydrophone. D. Fixed coarse gravel bed 
A 
B 
C
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A 
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C
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2.3.2 Particle Dragging Experiments 
 
Five individual gravel particles (also referred to here as “rocks”) were weighed and 
measured (Bunte et al. 2001) for use in the dragging experiments (Table 1). Two Reson TC-4013 
hydrophones were placed equidistant from the ends of the tank and vertically at half the water 
depth to record the SGN. The sound generated by the impacts was recorded on a laptop computer 
using a National Instruments NI-9233 DAQ module sampling at 100 kHz and 16-bit resolution 
and interfaced via custom Labview code (see Appendix).  
The particles were each connected to the variable-frequency motor by thin monofilament 
line. In addition to testing 5 individual rocks, two groups of rocks were used (#2 and #3, #2 and 
#5), with each particle separately attached to the motor (approximating particles in parallel rather 
than in series). Each configuration of test particles was run at 13 different speeds spanning the 
useable range of the motor on the gravel and pea gravel beds. The experiments were run for 
water depths of 40 cm and 58 cm to determine the effect of water depth. This resulted in 364 test 
runs (2 gravel beds x 2 depths x 7 rocks and rock combinations x 13 speeds = 364 runs). 
 
Table 1: Test gravel particles for the dragging experiments 
Rock 
Number 
Dry 
Mass (g) 
Displacement 
Volume (mL) 
a-
axis 
(mm) 
b-
axis 
(mm) 
c-
axis 
(mm) 
Calculated 
Density 
(g/cm3) 
Diameter, d, 
of equivalent 
sphere by 
volume (mm) 
Sphericity 
(d/a) 
1 652.1 220 111.1 64.49 56.65 2.964 74.9 0.67 
2 266.9 110 91.68 61.42 39.02 2.426 59.4 0.65 
3 36.75 18 44.00 31.01 19.07 2.042 32.5 0.74 
4 13.94 6.0 28.42 23.65 20.83 2.323 22.5 0.79 
5 173.0 59 75.76 39.47 32.38 2.932 48.3 0.64 
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The procedure for a test run was as follows: 
1. Place test particle(s) on the bed at the far end of the tank from the motor 
2. Adjust motor speed without turning on the motor 
3. Begin acoustic recording of pressure versus time 
4. Turn motor on and start timing 
5. Turn motor off when particle(s) reaches the end of the bed and stop timing 
6. Turn off acoustic recording 
 
2.3.3 Particle Dropping Experiments 
 
Analysis of the frequency content from the previous experiments (see Results) yielded 
inconclusive results in terms of the frequency content’s relation to the size of the particles in 
motion. Therefore, to isolate some of the many variables, experiments were conducted in the 
same tank by dropping particles vertically onto a cobble instead of dragging them across the bed. 
This approach attempted to limit the shape, orientation, and location of impact sites by dropping 
all particles onto a large cobble. In addition, the dropping experiments somewhat limited the 
impact orientation of the test particle at the time of collision. To ensure that the particles 
impacted the same area of the cobble and were dropped from a consistent starting height, the 
particles were dropped down the length of a PVC pipe. Finally, the particles used spanned a 
wider size range and provided more data points to validate a fit. 
The cobble was placed on the bottom of the tank, and the tank was filled with water to a 
depth of 90 cm. The PVC pipe was fixed in place with the bottom of the pipe approximately 10 
cm above the cobble (Figure 2). This allowed the particles to impact the cobble at approximately 
the same location without affecting the mechanics of the impact. The sound generated by the 
impact was detected by two HTI 96-MIN Exp hydrophones and recorded on a Zoom H4N wave 
recorder that sampled at 96 kHz with 16-bit resolution.  
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Figure 2: Schematic for the particle dropping experiments. The test particle A was dropped down the 
length of PVC pipe which is held in place above the cobble B 
 
2.3.3.1 Dropping of Rock Particles 
 
Twelve gravel particles with masses ranging from 1.88 - 652 g were selected for these 
experiments. To constrain the point of impact as much as possible, different diameters of PVC 
pipe were used to accommodate the different particle sizes. Properties of the pipes, the twelve 
rocks and the cobble are shown in Table 2. Note that particles I and II in this experiment are the 
same as particles 1 and 2 used in the dragging experiments. Each particle was dropped 20 times.   
B 
A 
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Table 2: Properties of the gravel used in the particle dropping experiments 
Rock 
Number 
Dry 
Mass 
(g) 
Volume 
(mL) 
a-
axis 
(mm) 
b-axis 
(mm) 
c-axis 
(mm) 
Calculated 
Density 
(g/cm3) 
Diameter, 
d, of 
equivalent 
sphere by 
volume 
(mm) 
Sphericity 
(d/a) 
Pipe 
Diam. 
(in.) 
I 652.1 220 111.1 64.49 56.65 2.964 74.9 0.67 3.5 
II 266.9 110 91.68 61.42 39.02 2.426 59.4 0.65 3.5 
III 114.2 40 56.38 45.97 27.87 2.855 42.4 0.75 2 
IV 85.53 35 54.36 40.09 26.94 2.444 40.6 0.75 2 
V 64.26 20 36.17 32.59 29.09 3.213 33.7 0.93 1.5 
VI 60.49 20 50.34 35.17 27.47 3.025 33.7 0.67 1.5 
VII 32.90 15 37.45 29.80 26.54 2.193 30.6 0.82 1.5 
VIII 22.17 10 28.12 25.79 21.50 2.217 26.7 0.95 1.5 
IX 16.11 6.0 24.47 24.40 18.12 2.685 22.5 0.92 1.5 
X 7.970 4.0 24.48 17.72 13.08 1.993 19.7 0.80 0.75 
XI 2.740 2.0 16.61 12.20 11.85 1.370 15.6 0.94 0.75 
XII 1.880 1.0 13.53 12.57 7.93 1.880 12.4 0.92 0.75 
Cobble 3860 1700 191 140 110 2.271 148.1 0.78 N/A 
 
 
2.3.3.2 Dropping of Small and Large Marbles 
 
In order to validate the experimental setup and analysis methods, the same dropping 
experiment was conducted using two sizes of toy marbles. Fifty marbles with a nominal diameter 
of 5/8 inch (“small”) and average dry mass of 5.0 g and 25 marbles with a nominal diameter of 1 
inch (“large”) and average dry mass of 20 g were used. The small marbles were each dropped 
once, while the large marbles were dropped twice each to create the same sample size of 50. The 
use of marbles instead of gravel particles eliminated the variables of particle shape and impact 
orientation which were expected to cause variance in the frequency content of the impacts.  
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2.4 Data Analysis 
 
Based on the existing literature on SGN (Johnson and Muir 1969; Thorne 1985; Thorne 
1986; Thorne and Foden 1988), it was believed that both the amplitude of SGN signals and the 
frequency content of the particle impacts contain useful information about the size, mass, and 
number of the particles involved. Therefore, both amplitude and frequency analyses were applied 
to the rock dragging data, while the rock dropping experiments were analyzed for frequency 
only. 
 
2.4.1 Amplitude Analysis of Dragging Experiments 
 
Average gravel flux in the rock dragging experiments was determined from knowledge of 
distance moved, time of movement, and the mass of each particle in motion. During each test 
run, the particles were dragged approximately 3.3 m. Average gravel flux was then calculated by 
taking the mass of the particle and dividing by time of travel. The acoustic data was analyzed in 
order to investigate the relationship between this sediment flux and the acoustic energy. A 
common metric for analyzing acoustic signals is the root-mean-square (RMS) amplitude, which 
is analogous to the acoustic energy of a signal and a straightforward computation. 
𝑅𝑀𝑆 = √
1
𝑛
∗ Σ𝑖𝑥𝑖
2   (Equation 2) 
where 𝑥𝑖 are the amplitudes of the individual data points, and n is the total number of data points. 
In the presence of minimal external noise, the RMS of the recorded data was representative of 
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the energy produced by the particle collisions. Figure 3 shows the time-domain waveform of one 
run from the rock dragging experiments. The RMS of each dragging run was calculated and 
cataloged with the corresponding bedload flux (see Results). 
 
 
Figure 3: Sample raw data set from rock dragging experiments. Rock #4 dragged across the gravel bed 
in 40 cm of water depth at an average speed of 0.66 m/s 
  
2.4.2 Frequency Analysis 
 
Another metric of interest in sediment transport other than sediment flux is particle size. 
It has been suggested (Thorne 1985) that the frequency content of SGN may be able to provide 
useful information about the size of the particles involved. Many mathematical methods exist to 
determine the frequency content of time-series data. A common method is the Fast Fourier 
Transform (FFT), which determines frequency content by approximating the signal as an infinite 
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sum of sines and cosines (Boas 2006). This method works very well for periodic signals. 
However, gravel particle impacts produce a signal much closer to an impulse than a continuous 
signal. Wavelet analysis provides better localization of frequency and time than FFTs for short 
duration signals (Bremaud 2002). For this reason, wavelet analysis has been used as a method to 
automatically detect events underwater (Sattar et al. 2011) as well as to evaluate grain size from 
particle impacts on steel plates (Barrière et al. 2015). For the work presented here, a continuous 
wavelet transformation (CWT) was used to determine the frequency content of individual 
impacts, for both the rock dragging and particle dropping experiments, using Matlab's CWT 
function with the Morlet wavelet (see Appendix). In general, the method consists of choosing a 
short oscillation, or wavelet, with controlled properties such as frequency and duration. Slight 
variations of the wavelet are convolved with the test signal. The result is an array of correlation 
values indicating which frequencies are present at each time block of the signal. 
In order to facilitate the computation requirements of the CWT, particle impacts were 
located manually within the acoustic files by identifying the unique signature of an impact 
compared to the other signals present (such as the particle hitting the PVC pipe). Figure 4 shows 
that the impact events were readily detectable. The top plot (Figure 4A) shows three complete 
marble drops (marble data presented here for clarity). Each subsequent plot (Figure 4B and 
Figure 4C) is zoomed in to show the detail of an individual drop and then the initial impact. For 
each of the drops, the location of the first impact within the file was manually recorded in a 
spreadsheet. A Matlab routine was used to isolate the entire impact based on the starting point. 
From the CWT, the frequency corresponding to the maximum amplitude (where the signal and 
wavelet were most correlated) was determined and documented as the characteristic frequency of 
that impact. Figure 5A shows the waveform of a sample marble impact and Figure 5B shows its 
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CWT. The red plus sign in Figure 5B shows this characteristic frequency. The marble data is 
shown here for clarity. The same methodology was used for both the gravel dragging and 
dropping experiments. 
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Figure 4: Sample large marble dropping data. (A) Segment of waveform data showing three different 
drops of large marbles. (B) Zoom in on the first marble drop to show the detail of a marble drop from 
start to finish. (C) Zoom in on the first impact of the marble onto the cobble to determine a precise 
starting point 
A 
B 
C 
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Figure 5: Waveform and CWT of a small marble impact. A) Waveform of a small marble impact. B) 
Wavelet transform (CWT) of the marble impact. Red plus indicates the time and frequency of greatest 
correlation of the wavelet with the signal. Dark blue represents little to no correlation while bright yellow 
represents high correlation 
 
 
A 
B 
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2.5 Results 
 
2.5.1 Amplitude Analysis 
 
In light of previous studies that relied on amplitude analysis to relate SGN to sediment 
load (e.g., (Johnson and Muir 1969) and (Barton 2006)), RMS data from rock-dragging 
experiments was used as an analog for acoustic energy.  Figure 6 shows the RMS data computed 
from dragging multiple sets of particles across the gravel and pea gravel beds at both 40 cm and 
58 cm depths. The RMS of each of the 13 runs at different speeds is plotted versus the sediment 
flux calculated for that run. The rocks and rock combinations are listed in the legend in order of 
decreasing total mass. It can be clearly seen that for any specific set of particles, increasing the 
sediment flux (by increasing the dragging speed) increases the RMS. This makes sense as RMS 
is analogous to energy; harder and faster impacts generate more energy. More interesting, 
though, is that the slope of the relationship appears to decrease with increasing mass. 
Implications and potential avenues of investigating this dependence are presented in the 
Discussion section.  
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Figure 6: RMS of 5 rocks and 2 combinations of rocks. Top left: gravel bed, 40 cm. Top right: gravel bed, 
58 cm. Bottom left: pea gravel bed, 40 cm. Bottom right: pea gravel bed, 58 cm 
 
Since the particle dropping experiments were conducted to expand upon the frequency 
results of the rock dragging experiments and have no direct connection to sediment flux, only 
frequency analysis was conducted, as described in the next section. 
 
2.5.2 Frequency Analysis 
 
As discussed above, the frequency content of both the dragging and dropping data was 
determined using wavelet analysis. This was done to investigate the relationship between 
frequency content and particle size.  
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2.5.2.1 Dragging Experiments 
 
A set of impacts was manually located within the raw data for the dragging experiments. 
Figure 7 shows a boxplot of the characteristic frequencies from these impacts versus the particle 
size (represented by the b-axis listed in Table 1). The 75th and 25th quantiles are represented by 
the vertical error bars, and the circles represent the median value. This frequency analysis 
indicated a possible trend between particle size and frequency but the high scatter and small 
number of data points necessitated a more expansive dataset to fill in and verify the result.  
 
 
Figure 7: Frequency of particles being dragged on the gravel bed. 
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2.5.2.2 Rock Dropping Experiments 
 
The dropping experiments were used to validate the wavelet analysis technique and 
methodology, as well as to expand the dataset. The dropping experiments were also designed to 
constrain particle orientation and remove particle size as variables attempting to reduce the 
scatter present in the frequency of the dragging experiments. The median frequency and 25th and 
75th quantiles for each particle are shown along with a power fit applied to the median 
frequencies in Figure 8. With the expanded dataset, a clearer trend is discernable between 
frequency and particle size. However the variance is still high for many of the test particles, 
possibly due to the lack of complete constraint on impact orientation and particle impact speed.  
 
 
Figure 8: Median frequencies vs B-axis for gravel particles dropped onto a cobble. A power fit is applied 
to the median frequencies. 
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2.5.2.3 Marble Drops 
 
Marbles were used to further limit the range of variables, eliminating the effect of test 
particle shape and impact location geometry. The frequencies determined for the marble drops 
onto cobble are displayed in Figure 9. This figure shows that the frequencies for the small 
marbles have a median around 6500 Hz, while the frequencies for the large marbles have a 
median around 3000 Hz. In order to determine the relevance of normal modes of vibration in the 
results, the theoretical normal modes of the marbles were calculated. The lowest frequency 
modes were 118 kHz and 188 kHz for the large and small marbles, respectively. These 
frequencies are well above the range of human hearing and are above the maximum sampling 
speed of the digitizer used. Thorne’s equation for frequency based on Hertzian Acceleration 
using the elastic properties of glass predicts frequencies of approximately 9500 Hz and 3300 Hz 
for the small and large marbles. While the small marble’s frequency is overestimated by this 
theory, it is the same order of magnitude. The prediction for the large marbles is well within the 
range of measured frequencies. It is therefore likely that this explanation of the source of sound 
(Rigid Body Radiation based on Hertzian Acceleration) is valid.   
30 
 
 
Figure 9: Frequencies of marble drops. Frequencies corresponding to maximum wavelet coefficient for 
the small and large marbles dropped onto cobble. 
  
2.5.2.4 Combined Frequency Results 
 
Taking all of the frequency analyses conducted and putting them on the same set of axes 
yields Figure 10. Equation 1 (Thorne’s equation) is also shown using the elastic properties of 
quartz particles (E = 7.32×1010 Pa, σ = 0.165, and ρ = 2620 kg/m³)(Barton 2006). Both the 
median fit and the Thorne equation appear to reasonably approximate all of the frequency data.  
𝑓 =
224
𝐷0.9
   (Thorne’s Equation) 
𝑓 =
259
𝐷0.87
   (Median Fit) 
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Figure 10: Combined frequency results. The Thorne equation is presented for quartz particles alongside 
the fit found for the median data of the particle dropping experiment 
 
2.6 Discussion 
 
The experiments presented here each provided unique results that expand upon the 
existing literature and may be applicable to field data. 
 
2.6.1 Rock Dragging Experiments 
 
The rock dragging experiments suggest that RMS can be used as an analogy to relate 
acoustic energy to total sediment flux but that this relationship is likely dependent on the type 
and shape of the particles in transport. It is therefore likely that a straight RMS calibration would 
be site-specific and may only be valid for constant particle size distributions.   
32 
 
The frequency analysis of the dragging experiments was suggestive but inconclusive with 
too much variance and too few data points to determine a decisive trend. The variance within the 
dataset (see Figure 7) prompted further investigation of the experimental and analysis methods. It 
was decided that the variables of impact orientation and the difference in size and shape of the 
particles on the bed might be responsible for this variance. For these reasons, and to fill out the 
range of sizes tested, the particle dropping experiments were designed and conducted.  
 
2.6.2 Rock Dropping Experiments 
 
The frequencies of the rock drops still showed high degrees of variance (see Figure 8) for 
some of the particles tested. It is expected that this scatter is in part due to the variable particle 
shape and impact orientation. While this was attempted to be constrained by repeatedly dropping 
the particles from the same height and orientation down a narrow pipe, the particles might have 
twisted and rotated as they exited the pipe thus resulting in different orientations upon impact. 
This scatter implies that a single rock will provide a range of frequencies based on the orientation 
of the impact. It is therefore probable that individual impacts of particles cannot be used to 
accurately determine individual particle sizes. However, it is possible that the median of a large 
enough dataset may be used to predict a particle size distribution. This is demonstrated by the 
goodness of the power fit to median frequency shown in Figure 8. It remains to be determined if 
a large enough data set would produce a reliable estimate for particle size.  
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2.6.3 Marble Dropping Experiments 
 
Figure 9 shows that the dominant frequencies for each of the marble sizes are consistent 
within a narrow range. This provided verification of the experimental methodology of dropping 
particles to create readily-identifiable impacts and the data processing techniques of computing 
the CWT of isolated impulses to determine a characteristic frequency. The frequencies 
determined from each of the experiments (see Figure 10) and their proximity to both the 
experimental fit and Thorne’s equation is very promising. The two large particles that were used 
in both experiments (particles 1 and 2) show similar frequencies from both experiments. 
 
2.7 Conclusions and Future Work 
 
A method of determining particle size and sediment flux using the sound generated by 
particles impacting each other was investigated by conducting experiments in a controlled 
laboratory setting for small numbers of particles. Particle size and bedload flux are two of the 
metrics of interest in the field of sediment monitoring. Previous literature has suggested that 
sediment flux can be related to acoustic energy (Johnson and Muir 1969; Barton 2006) and that 
particle size can be related to frequency content (Thorne 1985; Thorne 1986; Thorne and Foden 
1988). As an analogous measurement to acoustic energy, the root-mean-squared value was 
calculated for a series of gravel particles that were dragged across artificial gravel beds. The 
frequency content of the dragged particles, as well as of a series of particles dropped onto a 
cobble, was determined using wavelet analysis.   
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The RMS voltage was shown to increase with the speed of each dragged particle, 
demonstrating a relationship with sediment flux. However, this relationship depended on the 
specific particles in transport. This suggests that an accumulated acoustic energy-based approach 
can be used in a river environment with constant particle size distribution if valid, site-specific 
calibration can be obtained. Further experimentation along with field studies would likely be 
needed to fully understand this result. Experimentally, more runs could be conducted with 
particles in combination, and with a wider set of particle sizes and masses. Of interest would be 
an expanded dataset of the energy of individual particles compared to the energy of their 
combinations as this is a more field-realistic situation. Field studies with concurrent acoustic and 
physical sampling could be used to investigate the dependence of the RMS-sediment flux 
relation to overall particle size distribution.  
In order to investigate particle size, a continuous wavelet transform was used to 
determine the dominant frequency of individual impacts of particles dragged and repeatedly 
dropped onto a cobble. The dropping experiments were intended to limit the scatter in frequency 
that was found in the dragging experiments, and this was partially successful. The median 
frequencies for each particle and the size of the particle follow a power fit relationship, but the 
variance across multiple drops for some particles was high. In future work, the effect of shape 
and impact orientation on SGN should be investigated. Comparing the variance to shape 
parameters, such as sphericity might provide useful insight. In order to conduct larger studies 
analyzing frequency, a method of identifying impacts would need to be automated. Rudimentary 
peak-detect routines were attempted for the dragging data but proved too inaccurate. Reliable 
algorithms for performing this function would greatly enhance the utility of future studies
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3 DEVELOPMENT AND CALIBRATION OF AN UNDERWATER 
ACOUSTIC DATA COLLECTION SYSTEM FOR MONITORING 
COARSE BEDLOAD TRANSPORT 
 
3.1 Abstract 
 
Passive acoustic technology has potential as a surrogate method for monitoring coarse 
bedload transport in rivers and streams. This has been demonstrated by both laboratory 
experiments and field studies where it was found that acoustic energy generated by particle 
collisions was proportional to the amount of bedload in transport. One factor that has inhibited 
further development of the technique is that comparison of acoustic data is complicated by the 
wide variety of hardware used.  A second factor is the need for each research group to assemble 
hardware, which is often expensive and designed for laboratory use. In addition, the hardware 
used in the field is rarely calibrated. In order to demonstrate how an entire acoustic data 
acquisition system should be calibrated for coarse bedload data collection, this manuscript 
presents the assembly and calibration of an inexpensive acoustic system comprised of readily 
available equipment. The following are presented here: assembly of the system, key operating 
parameters and suggested specifications, system calibration, and experiences from multiple 
deployments of the example system
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3.2 Introduction 
 
In general, sediment transport can be defined as the movement of particulate matter 
through a fluid. One example of this is sediment being moved by water in rivers and streams. In 
river systems, sediment is typically transported either along the bed as bedload or above the bed 
in the water column as suspended load. These two modes of transport are often treated 
separately, but both contribute to the total sediment load (Garcia 2008). This total sediment load 
has an array of implications: erosion, channel geomorphology, wildlife habitation, marine 
navigation, and many others. For these reasons, a method of accurately measuring and predicting 
the sediment load for a given fluvial system is highly desired in many areas of research and 
practice. Due to the difficulty of predicting sediment transport in rivers and streams, the most 
accurate method of determining the amount of sediment in transport is collecting physical 
samples. However, physical sampling is expensive and often dangerous, and the temporal 
resolution can be poor.  
Bedload, which is made of coarse particles that are transported on or near a streambed, is 
particularly hard to sample in the field due to high degrees of both spatial and temporal 
variability (Hubbell et al. 1985; Kuhnle and Southard 1988). Reliable field studies are needed for 
verification and further development of sediment transport formulas and models. Due to 
limitations of physically sampling bedload and the continuing need for bedload data, there is 
active research into multiple surrogate measurement methods (Gray et al. 2010). Acoustic 
technology is promising for measuring sediment transport, since it is non-contact and relatively 
inexpensive (Wren et al. 2000; Gray and Gartner 2009).  One common passive method for 
monitoring bedload transport measures particle impacts with instrumented plates; however, these 
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systems require permanent installation and maintenance (Rickenmann and McArdell 2007; 
Rickenmann et al. 2014; Hilldale et al. 2015).  The impact of particles on pipes, columns, and 
other structures has also been used to measure the transport of gravel (Rickenmann 2017). Other 
passive acoustic methods measure the sound generated by gravel particles impacting other gravel 
particles, which will be the focus of this manuscript (Rigby et al. 2016). 
When gravel particles are in transport, they impact other moving particles and the stream 
bed. The sound generated by these impacts is termed self-generated noise (SGN). Measurement 
of bedload using SGN has been studied in both the laboratory and the field. The acoustic 
properties of impacts from single-sized particles (Johnson and Muir 1969), glass spheres (Thorne 
1985) and mixed gravel sizes (Thorne 1985) have been studied in laboratory experiments. Field 
studies were conducted using hydrophones to detect gravel movement in the Trinity River, USA 
(Barton 2006; Barton et al. 2010). Based on the results from these studies, SGN has been shown 
to have the potential to provide useful measurements of bedload transport; however, further 
development is needed if the method is to be generalized for use in a wide range of streams and 
rivers.  One area of needed development is suitably calibrated hardware for recording SGN in 
different environments so that data can be readily compared across different studies and 
locations.  
 In general, a digital acoustic data collection system consists of an acoustic sensor, an 
analog to digital converter (ADC), and a data recorder. Signal conditioning devices, such as an 
amplifier or frequency filters, may be included as needed (Figure 11).  Each of these components 
has specifications that must be considered when choosing the appropriate hardware for the 
system. A hydrophone’s most important specifications are frequency response (how the 
hydrophone reacts to sound at different frequencies), directivity (how the hydrophone reacts to 
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sound impacting it at different angles), and amplifier/power requirements. The ADC must be 
chosen based on its sampling rate (how fast it digitizes data) and its dynamic range (the range 
and resolution of amplitudes that can be recorded). Finally, data storage capability and power 
requirements should be considered. 
 
 
 
Figure 11: Typical components of an underwater passive acoustic system 
 
 The frequency range of interest is a driving factor in determining the hardware necessary 
to accurately record and analyze sound. In his dissertation work, Barton (2006) concluded that a 
hydrophone measuring the range of human hearing (assumed to be 20 Hz to 20 kHz) should be 
able to capture a majority of sound generated by coarse bedload transport. This conclusion is 
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based partly on the work of Thorne (1986), which produced the following relationship between 
particle size and frequency: 
𝑓 ≈ 0.182 [
𝐸
𝜌(1−𝜎2)
 ]
0.4
(
𝑔0.1
𝐷0.9
)   𝐻𝑧  (Equation 1) 
where E is Young’s modulus, 𝜌 is the density, 𝜎 is Poisson’s ratio, g is the acceleration due to 
gravity, and D is the particle diameter. Barton shows that for quartz particles, Equation 1 reduces 
to 𝑓 ≈ 220/𝐷0.9 . The upper limit of human audio range (generally considered to be 20 kHz 
(Kinsler et al. 2000)) corresponds to a diameter of approximately 6.6 mm, which is designated to 
be fine gravel (Wentworth 1922). Taking fine gravel as a practical minimum size of interest, the 
<20 kHz frequency range was chosen for SGN data acquisition.  Low cost equipment is readily 
available for these frequencies, and previous field studies also focused on the same range for 
SGN monitoring (Lorang and Tonolla 2014; Marineau et al. 2015). 
Calibration is simplified if the hydrophone has a flat response over the frequency range of 
interest. In order to reproduce sound at a given frequency, the data must be digitized at a rate 
greater than at least twice the frequency. This implies that for SGN, a minimum sampling rate of 
40 kHz is needed for the recorder, with higher sampling rates producing more accurate results for 
both signal amplitude and frequency. The tradeoff with higher sampling rate is the amount of 
data that must be stored.  
This manuscript describes an easily portable hardware system that was developed from 
these specifications to be deployable in a wide range of rivers. The system is flexible so that 
deployment can be adapted to suit individual requirements and is designed to run for up to 16 
hours unattended.  A method of calibrating each system component is described so that a user 
can perform calibration on a similar system.  This allows the data to be readily compared to data 
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collected from other calibrated systems and be used to further the study of SGN for the 
measurement of gravel transport in streams and rivers. Although the specific hardware described 
here could be used by other researchers, the main purpose of the manuscript is to demonstrate 
how a comprehensive system calibration for monitoring SGN should be performed. 
 
3.3 System Development and Assembly 
 
3.3.1 Hydrophone 
 
Three commercially available hydrophones were tested at the National Center for 
Physical Acoustics (NCPA) at the University of Mississippi in Oxford, MS, USA for frequency 
response across the audible range (20 Hz to 20 kHz). Power requirements and durability were 
also considered. The hydrophone chosen for this system was model 96-MIN Exportable from 
High Tech Inc., in Long Beach, Mississippi, USA. The manufacturer states that the hydrophone 
is omnidirectional and that it has a sensitivity of -165 dB. The hydrophone has an optional built-
in pre-amplifier which requires a DC voltage of 6 to 12 volts. The inclusion of the pre-amplifier 
was a key requirement, since it improved the simplicity, durability, and portability of the system 
by eliminating the need for external amplifiers. In addition, the wide range of acceptable supply 
voltages provided flexibility for the total system design.  
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3.3.2 Hydrophone Case 
 
To protect the hydrophone from damage during long-term deployments and to provide a 
robust mounting option, a custom case for the hydrophone was designed and fabricated at the 
NCPA (Figure 12). The case was constructed of a urethane potting compound. This material was 
chosen for its durability, ease of fabrication, and the similarity of its acoustic impedance to that 
of water (𝑧𝑤𝑎𝑡𝑒𝑟 = 1.45 𝐸6
𝑃𝑎∗𝑠
𝑚
, 𝑧𝑐𝑎𝑠𝑒 = 3.17 𝐸6
𝑃𝑎∗𝑠
𝑚
 ). The case was designed to interface with 
a standard 1” Schedule 40 PVC coupler, which provides a standardized fit to commonly 
available pipe that allows for installation in a wide variety of configurations to suit the needs of 
various deployment scenarios.  
 
 
Figure 12: Diagram of custom hydrophone case. The back end is designed to fit into a standard schedule 40 1" PVC 
coupler 
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3.3.3 Data Acquisition 
 
Many affordable devices exist that combine the digitization and recording of acoustic 
signals (shown as ADC and Recorder in Figure 11). This combination of functions reduces the 
number of devices and cabling required; however, combining the devices could limit or eliminate 
the ability to pre-process the data. As the purpose of this system was to record raw acoustic data, 
the ability to pre-process data was not needed. Therefore, a combined digitizer/recorder was 
desired, and the Zoom H4N wave recorder (Zoom, Inc., Hauppauge, New York, USA) was 
chosen. This device was simpler to use and more robust than a computer-based acquisition 
system, while still being able to simultaneously record two channels with acceptable sampling 
rate and resolution (96 kHz and 16 bit). At 96 kHz, the device could collect between 4 and 5 data 
points per cycle at the upper limit of the frequency range of interest. The dynamic range of the 
system with 16-bit provided a sufficient balance between file size and resolution. The ability to 
record two channels was useful as a fail-safe in case of a hydrophone malfunction. Another 
advantage of the H4N recorder is that it streams the input data to a .wav file until the file reaches 
2 GB in size before automatically starting a new file. 2GB is approximately one hour of two-
channel acoustic data at 96 kHz. The data gap between the end of one file and the beginning of 
the next was minimal on this device, amounting to only a few data points, which did not result in 
an appreciable loss of data. The system can be set to record until the SD card is full or until the 
batteries run out. The manufacturer states that the recorder can use up to a 32 GB SD card, which 
holds approximately 16 hours of 2-channel data with the specified settings. The recorder is 
designed to use 2 AA batteries or a 5 VDC input. A pair of AA batteries lasted between 5 and 7 
hours. The system was adapted to run on three pairs of C cell batteries wired in parallel to 
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provide approximately 16 hours of runtime. Finally, a 12 VDC to 5 VDC converter was installed 
so that the recorder could be connected to an external 12 V battery. With the long battery life 
provided by external batteries, the limiting factor for length of recording time was the SD card. 
The sampling rate and resolution settings could be reduced to increase the recording time 
storable on the SD card if desired. The choice of battery for a given deployment is based on the 
deployment logistics. To protect the system during field deployment, the electronic components 
were fitted into a weatherproof case (Figure 13). 
 
 
Figure 13: Weatherproof case housing the recorder and batteries as deployed on Halfmoon Creek in Leadville, CO, 
2015. 
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3.4 Calibration 
 
 Calibration of the system was necessary to obtain the amplitude of the incident pressure 
waves so that the data could be compared to acoustic datasets collected with different hardware. 
Each piece in the system affected the signal, so the final system calibration required 
consideration of each component. This also allowed for the flexibility to substitute new pieces of 
hardware as necessary.  
 
3.4.1 Hydrophone 
 
The manufacturer states that the hydrophone sensitivity is −165.2 𝑑𝐵 𝑟𝑒 1
𝑉
𝜇𝑃𝑎
 across the 
frequency range 2 Hz-30 kHz and that the hydrophone is omnidirectional. The sensitivity was 
checked experimentally and can be used whenever the hydrophone is deployed without the 
protective case (section 3.3.2). However, the acoustic impedance of the hydrophone case is not 
equal to that of water, which means that the case reflects a portion of incident acoustic waves. 
This reflection, as well as the shape and thickness of the case, affected the directionality and 
frequency response of the cased hydrophone.  It should be noted that the receive sensitivity and 
directional response of hydrophones are manufacturer and model specific. These can also vary 
slightly among hydrophones of the same model, which means that each hydrophone may have a 
unique sensitivity that can be found by calibration by the user or the manufacturer. This variance 
within hydrophones of the same model is often small. It is typical for hydrophone manufacturers 
to include a calibration curve and the hydrophone’s sensitivity over a specified frequency range. 
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Determining the frequency response and directionality of a hydrophone are not 
necessarily trivial tasks. One must either use a calibrated source in a very tightly controlled 
environment or calibrate alongside an already calibrated reference hydrophone. Additionally, 
care must be taken to avoid interference from reflected signals. The method using a calibrated 
reference hydrophone is to record sound on the reference hydrophone and then record the same 
sound in the same location on the hydrophone to be calibrated. The signal from the calibrated 
hydrophone can be used to determine the sound pressure level of the incident acoustic wave. 
With this known, the calibration of the test hydrophone can be obtained. Determining the 
directionality of a hydrophone follows the same method except that multiple measurements are 
taken with the test hydrophone at various orientations relative to the acoustic source. This type of 
calibration is typically done by the hydrophone manufacturer. In most cases the manufacturer 
calibrations may be sufficient, however for our system, additional calibration was required 
because a protective case was installed on the hydrophone.   
A calibration procedure was conducted in a 0.4 hectare (1 acre) pond at the University of 
Mississippi Field Station to determine the directionality of the cased hydrophone. For the 
experiment, a raft was equipped with a programmable stepper motor fitted to a vertical shaft used 
to rotate the cased hydrophone 360° in 2° increments. An acoustic source (BII-7540, 
Benthowave Instrument Inc., Collingwood, Ontario, Canada) was placed approximately 3 m (10 
ft) away from the hydrophone. The source, which was set to different frequencies for each 
directionality measurement, projected continuous sine waves that were captured with the cased 
hydrophone as it rotated. Immediately adjacent to the cased hydrophone was a RESON TC 4013 
hydrophone that provided a calibrated reference. The raft holding both hydrophones was placed 
approximately 3 m (10 ft) from the bank of the pond. The hydrophones and acoustic source were 
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both held approximately 0.9 m (3 ft) beneath the surface of the water, which had a total depth of 
approximately 1.8 m (6 ft). By comparing the signal recorded on the cased hydrophone to that of 
the reference hydrophone, the sensitivity at each frequency and angle was determined. From this 
data, the directionality and the 0°-incidence frequency response of the cased hydrophone were 
determined.  
Figure 14 shows the directionality of the cased hydrophone at four frequencies. 
Hydrophones are typically least sensitive when oriented approximately 180° relative to the 
sound source, where the power/data cable is located. Figure 14 indicates that the case had little 
effect on the capture of sound based on the directionality at 2 kHz and 20 kHz; however, the case 
had a pronounced effect on sound at 5 kHz and 15 kHz. It is unclear why the case caused the 
system to be directional at 5 kHz and 15 kHz but not at the higher or lower frequencies. A 
combination of the varying thickness of the material due to its shape and the interfaces between 
the case, water, and hydrophone may have caused certain frequencies to be reflected or 
attenuated more than others. Figure 15 shows the 0°-incidence sensitivity at 25 frequencies from 
1 kHz to 25 kHz for the cased hydrophone. This frequency response can be used to determine the 
voltage that the cased hydrophone would generate per unit pressure for a given acoustic 
frequency. A frequency filter (such as an equalizer) or post-processing routine could be designed 
to normalize the frequency response to -165 dB, mitigating the effect of the case.  This approach 
would not mitigate the loss of sensitivity at certain ranges and frequencies, and the effect would 
be to lower the sensitivity of the system to small amplitude signals. This discussion, along with 
Figures 14 and 15, highlights some of the difficulties involved in using amplitude as the primary 
metric for SGN data since the recorded amplitude can be dependent on the frequency of the 
incident acoustic signal.  
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Figure 14: Directionality of the cased hydrophone at A) 20kHz: dB re -159 dB, B) 15kHz: dB re -165 dB, C) 5kHz: 
dB re -166 dB, and D) 2kHz: dB re -157 dB. 
 
 
Figure 15: Receive Sensitivity (M) of the cased hydrophone as a function of frequency. 
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3.4.2 Wave Recorder 
 
The digitization and recording of the data have several potential effects on the data itself. 
First, many collection systems have the option of amplifying or attenuating the input data. 
Second, data collection systems have a range of acceptable input amplitudes and may distort or 
be damaged by input signals that exceed these voltages. Third, attention must be paid to file 
formatting and data representation. For example, a .wav file uses floating point values scaled to 
+/- 1. This means that a device that writes .wav files must scale the input voltage. For the data 
collection system, ‘calibration’ means determining the input voltage based on the recorded data. 
This can be done by inputting a known signal into the device and observing the effect of the 
digitizer and recorder at various settings. 
Laboratory measurements were made to determine the recorder’s effect on amplitude and 
frequency of the input signal. A function generator (3314A, Hewlett Packard, Palo Alto, 
California, USA) was used to generate a continuous sine wave that was recorded to test input 
frequency, input amplitude (voltage), and the ‘record level’ setting at frequencies of 500 Hz, 1 
kHz, 2 kHz, 5 kHz, 10 kHz, and 20 kHz. Amplitudes of 10 mV, 100 mV, 1 V and 2 V were used 
at each frequency. At each of these combinations, the ‘record level’ setting was varied from 0.1 
to 1 in increments of 0.1, from 1 to 10 in increments of 1, and then 10 to 100 in increments of 10. 
These experiments showed that the wave recorder accurately reproduced frequency content for 
all frequencies tested.  
The amplitude recorded in the file was dependent on the ‘record level’ setting on the 
wave recorder. Each value of ‘record level’ scaled the input amplitude by a constant value 
(Figure 16). This scale factor was predictable based on the setting (Figure 17). These 
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experiments showed that the voltage input into the recorder (𝑉) can be found based on the 
recorded value (𝑥) and the ‘record level’ setting (𝑦): 
 
𝑉 =
𝑥
𝑎
∗ exp(−𝑏 ∗ 𝑦)    (Equation 3)  
Where a and b are determined based on the ‘record level’ setting (y): 
{ 
𝑦 ≤ 1  𝑎 = 0.0165  𝑏 = 3.498 
 𝑦 > 1  𝑎 = 0.437  𝑏 = 0.0427
  
 
The measurements showed that the recorder had a maximum input of 2 V, but that it started to 
distort the signal at an input of greater than 1.7 V (seen as a deviation from the best fit line in 
Figure 16). This should be considered the usable limit of the system. If the input sensors are 
expected to generate amplitudes exceeding +/- 1.7 V, then an attenuator should be placed before 
the recorder. In the case of the hydrophones used for this project, no attenuator was needed.  
 
 
Figure 16: Sample calibration set: wave recorder ‘record level’ set to 1. 
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Figure 17: Scale factor of the wave recorder based on the ‘record level’ for the Zoom H4N. 
 
 
3.4.3 Converting recorded data to sound pressure level 
 
 Using the piecewise calibrations, the sound pressure level (SPL) of the incident acoustic 
waves can be determined from the data recorded by the Zoom H4N using the steps below.  
Step 1: Recorded digital data to electrical signal. 
The voltage generated by the hydrophone (V) is recorded by the Zoom H4N which scales the 
amplitude based on its settings, according to Equation 3 
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Step 2: Electrical signal to incident pressure wave. 
The hydrophone converts an incident pressure wave into an electrical signal. The SPL of the 
pressure wave can be determined from the voltage generated (V) using the frequency-dependent 
sensitivity of the hydrophone (M): 
 
𝑆𝑃𝐿 = 20 ∗ log10 (
𝑉
𝑉𝑟𝑒𝑓
) − 𝑀     (Equation 4)   
 
where 𝑉𝑟𝑒𝑓 is traditionally taken to be 1 volt.  
The value of the sensitivity (M) can be determined from Figure 15. If the frequency content is 
not known, a value of −165 𝑑𝐵 can be used (the mean of the sensitivities) 
 
3.5 Deployments 
 
Deploying a hydrophone system to collect SGN in a river presents many challenges. The 
physical mechanism by which the hydrophones are placed underwater can often be the most 
challenging. From the authors’ and others’ (Geay et al. 2017) experience, the detection range of 
hydrophones can be limited, variable and flow-dependent. Therefore, the hydrophones need to be 
placed in the sections of the river directly amid bedload transport. Placing a hydrophone in the 
best location for detecting SGN, often in the middle of the river cross-section, generates 
challenges with cable management and hydrophone maintenance.  
The cased hydrophone system was deployed in three different locations: Halfmoon Creek 
(Leadville, CO, 2015), the Elwha River (Port Angeles, WA, 2016) and the Trinity River 
(Weaverville, CA, 2017). Each of these deployments was conducted in conjunction with physical 
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sampling. Table 3 shows physical properties of each river system.  The three field applications 
are briefly discussed to demonstrate the capabilities of the acoustic system and to illustrate 
different methods of deployment. The major factors of interest when selecting a test site were 
ease of access to the bank, availability of potential anchor points, amount of pedestrian or 
recreational traffic (kayaks, boats, hikers, etc.), and wadability. 
 
Table 3: Physical properties of deployment locations 
 Halfmoon Creek Elwha River Trinity River 
Location 
Leadville,  
Colorado 
Port Angeles, 
Washington 
Weaverville, 
California 
Deployment Dates 
May 20 - June 16, 
2015 May 21 - 26, 2016 April 25 - 28, 2017 
Discharge Range 
(m3/s) 0.61-5.5 (21.6-195 cfs) 
44-48 (1,560 - 
1,680 cfs) 
245-374 (8,650 - 
13,200 cfs) 
Water Depth Range 
(m) 0.130 - 0.475 Not Available ~0.75 
Approx. Width (m) 8.7 (at low flow) 45 40 
Bed Type Gravel Gravel Gravel 
River Access Wadable Partially Wadable Not Wadable 
 
 
The hydrophone system was deployed on Halfmoon Creek near Leadville, CO, for four 
weeks in the summer of 2015. The creek was shallow and easily wadable for most of the 
deployment. Two hydrophones were mounted to vertical poles driven into the bed of the river 
approximately splitting the width of the creek in thirds. The poles were covered with a teardrop-
shaped hydrofoil to reduce flow noise due to the surface protrusion and to provide protection for 
the cables. The cables were run through the top of the fairing and strung across the river to the 
bank where the data collection box was located (Figure 18 A). This mounting method allowed 
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the hydrophones to remain in place for the duration of the deployment. The data recorder was set 
to run continuously day and night. Physical sampling at this site was also conducted according to 
methods in Bunte (Bunte et al. 2007). The installation at this site was conducted while the flow 
was very low, which made it a straightforward task to mount the hydrophones and string the 
cables across the river. The specific challenges of this deployment were mostly related to the 
duration of the deployment, such as charging and replacing batteries, regularly checking 
voltages, and swapping SD cards at regular intervals.  
The system was also deployed on the Elwha River in the summer of 2016 and the Trinity 
River in the summer of 2017. Neither of these rivers were wadable, so the hydrophone system 
was attached to a modified kayak filled with expanding foam (Figure 18 B). Two holes were 
drilled through the kayak to allow the hydrophone cables to pass to the hydrophones on the 
bottom of the kayak. The data collection box was strapped to anchor points on top of the raft. For 
both of these deployments, the biggest challenge was placing the raft into position. For the 
Elwha River deployment, the raft was tethered to a line across the width of the river (Figure 18 
C). One of the rafts was fixed in place while the other was traversed across the river, staying 
directly upstream of the physical sampling raft. The Trinity River was the most challenging 
environment. The same raft and electronics configuration were used as on the Elwha; however, 
the deployment team could not access one bank of the river and had to operate in high flow 
conditions. As the dam release event unfolded, rapidly increasing river stage destabilized the raft, 
so the team anchored the raft in an eddy behind a tree. Over the course of the three-day 
deployment, much of the area became flooded and hazardous. The Elwha and Trinity River 
deployments were short-term, lasting 4-5 days. The acoustic data were collected for several 
hours each day, and the equipment was removed from the rivers in the afternoons.  
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Figure 18: Hydrophone system deployments. A) Hydrophones deployed directly in front of bedload traps 
on Halfmoon Creek. B) Raft instrumented with the hydrophone system used on the Elwha and Trinity 
Rivers. C) Example deployment of two hydrophone rafts on the Elwha River. 
 
 With regard to the hardware used for sensing and recording SGN, the three field 
deployments were all successful. Approximately 272 GB of acoustic data were collected on 
Halfmoon Creek, 32 GB on the Elwha River, and 30 GB on the Trinity River. The file streaming 
and naming convention of the H4N (timestamp in the filename) made organization of the data 
straightforward. There was no appreciable damage to any of the system components after the 
Halfmoon and Elwha deployments. For the Trinity deployment, the tree to which the raft was 
tethered washed out and fell into the river during sampling. The raft was retrieved nearly six 
months later from a logjam. The weatherproof case, SD card, and hydrophones were recovered 
and returned. The raft was unrecoverable. While the H4N was damaged, the data on the SD card 
was intact.  The quantity and quality of the acoustic data collected allow for a wide variety of 
analysis techniques. Comparison of the acoustic data to the physical samples collected at each of 
these sites is in progress 
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3.6 Discussion / Conclusions 
 
This manuscript details the assembly, calibration, and deployment of a hydrophone-based 
system to collect acoustic data in a variety of river environments with a focus on gravel-bed 
rivers. General characteristics of a hydrophone system were considered, including necessary 
frequency range, sensitivity, data recording, and autonomous deployment. The frequency range 
of interest for this work was selected to be 20 Hz to 20 kHz. Because of this frequency range, the 
digitizer had to capable of sampling at a minimum of 40 kHz. Based on these requirements, a 
system was assembled, and details of calibrating each system component were discussed along 
with general specifications for each device type. In order to include details of calibration, it was 
necessary to use one set of hardware, but the methodology and requirements may be met using 
other hardware. Using the calibration, data collected by this system can be compared to data 
from other calibrated acoustic systems. The custom hydrophone case provided protection and a 
secure mount for the hydrophone, allowing it to be placed in rivers with high sediment and 
debris loads. The hydrophone case affected the acoustic signal in a non-uniform manner, 
complicating the conversion of recorded data into sound pressure level. However, this was 
mitigated by the calibration process.   
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4 DEPLOYMENT OF THE HYDROPHONE SGN RECORDING 
SYSTEM ON THREE RIVERS 
 
4.1 Abstract 
 
Acoustic technology has potential as a surrogate method for monitoring coarse bedload 
transport in rivers and streams. This has been demonstrated by both laboratory experiments and 
field studies, where it was found that acoustic energy generated by particle collisions was 
proportional to the amount of bedload in transport. One factor that has inhibited further 
development of the technique is a lack of field studies conducted in conjunction with physical 
sampling that can be used to inform theories and models. In order to begin addressing this need, 
a hydrophone system was developed and calibrated at the National Center for Physical Acoustics 
at the University of Mississippi. This chapter describes three deployments of the system:  
Halfmoon Creek near Leadville, CO; the Elwha River near Port Angeles, WA; and the Trinity 
River near Weaverville, CA. Presented here are the data collection methods and deployment 
strategies as well as the challenges presented by each hydrophone deployment. Examples of data 
with general analysis are presented to demonstrate the results of the collection efforts.  
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4.2 Introduction 
 
Due to the difficulty of predicting sediment transport in rivers and streams, the most 
accurate method of determining the amount of sediment in transport is collecting physical 
samples. However, physical sampling is expensive and often dangerous, and the temporal 
resolution is almost always poor. Bedload, which is made of coarse particles that are transported 
on or near a streambed, is particularly hard to sample in the field. Reliable field studies are 
needed for verification and further development of sediment transport formulas and models. Due 
to limitations of physically sampling bedload and the continuing need for bedload data, there is 
active research into surrogate measurement methods. Acoustic technology is promising for 
measuring sediment transport since it is non-contact and relatively inexpensive (Wren et al. 
2000; Gray and Gartner 2009).  Passive acoustic methods for monitoring bedload transport rely 
on either gravel particles impacting an instrument or on gravel particles impacting other gravel 
particles (Rigby et al. 2016). Instrumented plates for measuring gravel transport, which require 
permanent installation and maintenance, are being studied and improved (Rickenmann and 
McArdell 2007; Rickenmann et al. 2014; Hilldale et al. 2015).  The impact of particles on pipes, 
columns, and other structures has also been used to measure the transport of gravel (Rickenmann 
2017). 
Another area of surrogate bedload monitoring research is using the sound generated by 
inter-particle collisions, termed Sediment Generated Noise (SGN), to quantify the particles in 
transport. Several field studies have attempted to use SGN to measure bedload transport. One of 
the earliest was conducted in the UK by Richards and Milne (1979). In the absence of modern 
technology, they were forced to manually take ammeter readings at 30 second or 1 minute 
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intervals. Their studies showed general trends between SGN and bedload transport but with a 
wide degree of scatter, which they attributed in part to poor streamlining of the hydrophone. 
Further studies were conducted on the Trinity River near Weaverville, CA, USA (Barton 2006; 
Barton et al. 2010). For these experiments, Barton encased a hydrophone in a PVC pipe and 
mounted the pipe to the bed of the river. He computed the power spectral density for each one-
minute file and then numerically integrated the power over the range of 10 – 14809 Hz. By 
comparing this acoustic power to physical samples collected by with a TR-2 bag sampler, Barton 
concluded that acoustic power, P, and bedload transport,𝐺𝐵, have a statistically significant 
correlation. 
𝑃 = 2.13𝑥10−6 ∗ 𝐺𝐵 + 1.41𝑥10
−5 
 Both sets of studies suggested that further development of the science was needed before 
the technology became a general method for monitoring bedload transport, in part because of the 
small sample sizes obtained from accepted physical sampling methods. One such area of needed 
development is the expansion of field studies recording SGN in different environments 
contemporaneously with physical samples. More recently, Geay et al. (2017) conducted a study 
on the Drau river in which they mounted a hydrophone to low-profile metal structure fixed to a 
concrete pad in the bed of the river. To date, there is no standard methodology or practice for 
deploying hydrophone-based monitoring systems.  
To address this need, a hydrophone recording system was designed, assembled, and 
calibrated at the National Center for Physical Acoustics at the University of Mississippi. The 
system used two HTI 96-MIN exportable hydrophone sensors. The voltage from the 
hydrophones was digitized and recorded using a Zoom H4N wave recorder.  The data collection 
components were housed in a weatherproof case, and the hydrophones were placed in a custom 
59 
 
case that provided a variety of mounting options. Further details of this system and its calibration 
can be found in Chapter 3. The system was deployed on three different river systems: Halfmoon 
Creek near Leadville, CO; the Elwha River near Port Angeles, WA; and the Trinity River near 
Weaverville, CA. Physical samples were concomitantly collected. The deployment strategies 
were dictated by the physical logistics of the individual test sites. Basic properties of the three 
river systems are listed in Table 4, and the specific test sites are seen in Figure 19. 
 
Table 4: General information of the three test river systems 
 Halfmoon Creek Elwha River Trinity River 
Location 
Leadville, 
Colorado 
Port Angeles, 
Washington 
Weaverville, 
California 
Deployment Dates 
May 20 - June 16, 
2015 
May 21 - 26, 2016 April 25 - 28, 2017 
Discharge Range 
(m3/s) 
0.61-5.5 
(21.6-195 cfs) 
44-48 
(1,560 - 1,680 cfs) 
245-374 
(8,650 - 13,200 cfs) 
Water Depth Range 
(m) 
0.130 - 0.475 
(0.43 – 1.6 ft) 
Not Available 
~0.75 
(2.4 ft) 
Approx. Width (m) 
8.7 (low flow) 
(28 ft) 
45 
(148 ft) 
40 
(131 ft) 
Bed Type gravel gravel gravel 
 
 
 
Figure 19: A) Halfmoon Creek   B) Elwha River   C) Trinity River 
A B C 
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4.3 Site Descriptions 
 
Halfmoon Creek is a snowmelt-driven, mountain stream system located approximately 10 
miles (16 km) southwest of Leadville, Colorado between Mt. Massive and Mt. Elbert. The creek 
was chosen for the deployment based on the above-average snowpack over the winter (Bunte 
2015), the proximity of a USGS gaging station, and a dataset collected 11 years prior (Bunte et 
al. 2004). The specific installation site (Site 1, Figure 1A) was chosen due to its ease of vehicular 
access and wadability across the transect. This site was located approximately 0.5 miles (0.8 km) 
downstream of USGS gaging station 07083000. A second site (Site 2) was identified 
approximately 95 m downstream of Site 1.  
The Elwha River is a 45-mile (72.4 km) gravel bed river located in Washington State that 
empties into the Strait of Juan de Fuca between the United States and Canada. This hydrophone 
study was conducted at the weir located at the Elwha Surface Water Intake. This site was located 
at river mile 3.48 (5.6 km), approximately 4 miles (6.4 km) west of Port Angeles, WA. The site 
was chosen as part of related work to calibrate the impact plates that were installed as part of the 
Elwha Ecosystem Restoration Project (Figure 1B). At the weir, the channel is approximately 125 
ft (38 m) wide. The National Park Service maintains the site and the water intake structure. 
Vehicular access was readily available on the right side of the river. Access to the left bank was 
dependent on the flow characteristics at the time of testing. 
 The Trinity River is a dam regulated river in northern California. It is the site of a large 
restoration project that includes five different sites where physical sampling is conducted 
annually, coinciding with scheduled dam releases (Gaeuman and Stewart 2017). The site used in 
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this study was named Trinity River at Douglas City (TRDC), located at river mile 93 (150 km) 
approximately 19 miles (30.5 km) downstream of Lewiston Dam (Figure 1C). This test site was 
just upstream of the BLM Douglas City Campground, which provided vehicular access to the 
right bank of the river. The left side of the river was only accessible by boat. During the study, 
the increase in flow due to the dam release caused significant flooding of the right bank, making 
the deployment location progressively more difficult to access each day.  
 
4.4 Deployments at Field Sites 
 
The acoustic deployments varied at each of the sites based on the river characteristics and 
the physical sampling methods. The study on Halfmoon Creek was a month-long deployment 
while the studies at Elwha and Trinity were a few days each. In addition, each river posed 
different logistical benefits and challenges, and the physical sampling methods were different on 
each river. The acoustic settings used for collecting data in each case study are shown in Table 5. 
 
Table 5: Acoustic recording settings for each deployment 
 Halfmoon Creek Elwha River Trinity River 
Sampling Rate 
48 kHz 96 kHz 96 kHz 
Bit Resolution 16 bit 16 bit 16 bit 
 
Input Gain (‘record level’) 
Setting 1 1 0.8 
 
Scale Factor (V/sample) 1.83 1.83 3.69 
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For the Halfmoon Creek study, 6 Bunte traps (Bunte et al. 2007) were installed on the 
bed at each of the test sites. A Bunte trap is a mesh bag with a metal frame in the opening that 
was mounted onto an inclined plate on the stream bed. The back ends of the bags were tied with 
a cotton line during sample collection and then untied and emptied into buckets. Traps 1-6 were 
located at Site 1 (Figure 20) and A-F at Site 2. Two hydrophones were installed approximately 
1.6 m upstream of the traps at Site 1. Bedload samples and acoustic data were collected at Site 
1 from May 13 to June 15, 2015 and at Site 2 from May 29 to June 15, 2015.   
 
 
Figure 20: Site 1 on Halfmoon Creek. Hydrophone (left) and bedload trap (right). The red foot-bridge 
allowed easy access to the sampling bags and both banks 
 
The mounting for the hydrophone was designed to be sturdy, provide protection, and 
minimize extraneous noise. First, a standard metal fence post was driven into the gravel bed. 
Then, ribbed plastic piping was slid over the post to provide a circular cross-section to better 
control the hydrophone’s height above the bed and to reduce external noise and vibration from 
the structure itself. A teardrop cross-section fairing was fitted over the tubing to reducing drag 
and interference of water flow around the post. The fairing and hydrophone assembly is shown 
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in Figure 21.  The hydrophone was mounted inside the case and was held 12 inches downstream 
of the post and 6 inches above the bed. The hydrophone cables were strung to the bank and held 
above the water.  
 
 
Figure 21: Teardrop cross-section fairing. The fairing was adapted to house the hydrophone. The set-up 
is upside down in this photo.  
  
On days when no transport was expected, no acoustic data was collected. This was most 
common during the first half of the deployment, when conditions often did not meet transport 
requirements. During the second half of the deployment, both physical and acoustic data were 
collected nearly every day.   
To start a day of data collection, the bags were placed on the Bunte traps, and 
the portable hydrophone system was set to record. The duration of a sample was chosen with the 
goal of optimizing the size of the sediment sample. Acoustic data collection was ended when the 
sample was collected so that the data would be over the same period. Sample times were 
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recorded to match physical and acoustic samples.  The acoustic system also collected data 
overnight. There was no bedload sampling overnight, but discharge and stage height were 
collected continuously by the USGS monitoring station upstream of the site.   
 In contrast to Halfmoon Creek, the acoustic and physical data collection on the Elwha 
and Trinity Rivers was more intense and time sensitive. At the time of deployment, neither of the 
two rivers was wadable because of the water depth and high flow. Since the hydrophones could 
not be mounted to the bed of the river, they were installed onto a modified kayak (Figure 22).  
 
 
Figure 22: Modified instrumented kayak. Hydrophones and data collection box mounted to the top of the 
kayak that was deployed on the Elwha and Trinity Rivers 
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Two holes were drilled through the kayak, and a piece of 1 ½” PVC pipe was attached to 
each hole to act as a sleeve and mounting fixture for the 1” PVC pipe to which the hydrophones 
were mounted. The box containing the recording hardware was strapped to the top of the kayak 
so that the entire collection system was contained on the raft. A set of six ‘C’ batteries allowed 
the H4N to have a runtime greater than 16 hours so that the raft could be deployed for an entire 
day. This system was used for both the Elwha and Trinity River deployments. However, the 
method of deploying the raft differed.  
 On the Elwha River, two rafts were deployed simultaneously. One raft was tied to a line 
that was strung across the river with the line in a loop so that the raft could be moved laterally 
across the river. The second raft was fixed to a pole several meters upstream, where the river was 
wadable (Figure 23). For the first day of the experiment, both rafts were kept stationary. On 
subsequent days, the movable raft was moved directly upstream of the sediment sampling raft 
(yellow raft on the left side of Figure 23). 
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Figure 23: Instrumented rafts (blue) deployed on the Elwha River. The mobile raft (in the background) 
could be moved laterally to be upstream of the physical sampling raft (yellow). 
 
 On the Trinity River, the flow was too fast for the raft to be deployed in the middle of the 
river. Instead, the raft was tethered to a tree that allowed the raft to float in an eddy (Figure 24). 
On the second day of deployment, the tree and the raft were washed away. The raft and the data 
collection box were found nearly six months later. For the final day of deployment, a second set 
of hydrophones was deployed on the end of a pole anchored to the bank of the river.  
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Figure 24: Instrumented raft deployed on the Trinity River. The raft was tethered to a tree and floated in 
an eddy. 
 
The physical sampling at both rivers was conducted by Graham Matthews and Associates 
Hydrology (GMAH). On the Elwha River the sampling was conducted to calibrate individual 
impact plates, so the sampler was deployed just upstream of the plate being calibrated. The 
physical sampling method did not always yield a total bedload estimate, so the movable 
hydrophone raft was kept in-line with the physical sampling raft in an effort to correlate local 
sediment-generated noise with the physical samples. On the Trinity River, the goal of the 
physical sampling was to generate multiple total-bedload estimates per day. The physical 
sampling raft was translated across the river in small increments, and the bag sampler was 
dropped for a short time before being brought up and emptied.  
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4.5 Data analysis methods 
 
Due to the complex conditions encountered at each location, a full analysis of the data is 
an ongoing area of research. In addition, the physical sampling at each site was different enough 
that analysis of the data from the three deployments must be modified in order to compare to the 
physical data.  
There were two main logistical issues that affected the data analysis. The first was that 
the number and size of the files made manual processing of individual files ineffective and time-
consuming. Approximately 272 GB of acoustic data were collected on Halfmoon Creek, 32 GB 
on the Elwha River, and 30 GB on the Trinity River. This was addressed using a Matlab script 
(see Appendix) to read the files in pieces rather than all at once. The second issue was 
cataloguing and maintaining accurate time stamps for the files so that they could be compared to 
the appropriate physical data. This was accomplished using the Zoom H4N’s function of placing 
a date/time stamp in the filename at the creation of the file.  
The first analysis method was the calculation of the root-mean-squared (RMS) of the 
acoustic data in 15-minute segments. In an attempt to remove the noise due to the flowing water, 
two high-pass filters were also applied to the data: one at 1 kHz and another at 10 kHz. It has 
been observed in personal experience that the flow noise is usually low in frequency. Thus, 
filtering out frequencies below 1 kHz should reduce the amplitude of the flow noise. The 10 kHz 
filter was chosen as an extreme example of this, retaining only the highest frequencies present. 
As a point of reference; using Thorne’s equation for quartz particles, these frequencies 
correspond to particles of diameter roughly 186 mm for 1 kHz (boulder size) and 14 mm for 10 
69 
 
kHz (medium gravel). A high-pass filter might effectively eliminate the signal from particles 
larger than these cutoffs. After a filter was applied, the RMS was again calculated, generating 
one representative voltage for each 15-minute interval which could then be compared to the 
corresponding physical sample and flow discharge where available. This analysis was run on the 
acoustic data from all three deployments. Note that in-depth wavelet analyses were not run on 
the data (as was described in Chapter 2) due to the difficulty in identifying and isolating a 
representative number of single impulses. Developing an automated algorithm to perform this 
function is an area of needed future work.   
 
4.6 Results 
 
4.6.1 Halfmoon Creek 
 
  Raw unfiltered RMS from Halfmoon Creek is shown along with flow discharge as 
reported by the USGS gaging station 07083000 in Figure 25. Figure 26 shows the same RMS 
data plotted with the bedload discharge (in grams per second) measured using physical samples. 
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Figure 25: Acoustic RMS (blue, left vertical axis) and flow discharge (red, right vertical axis) of the 
Halfmoon Creek deployment. Flow data courtesy of waterdata.usgs.gov 
 
 
Figure 26: Acoustic data and measured bedload. Acoustic data plotted on the left vertical axis and 
measured bedload on the right axis for the duration of the Halfmoon Creek deployment 
 
71 
 
The RMS tracked very closely to the flow discharge for most of the deployment until 
approximately June 10th, when the RMS abruptly dropped and lost much of its structure before 
abruptly rising again a few days later. It is clear from Figure 25 and Figure 26 that fluctuations in 
acoustic energy were more heavily influenced by the flow of water than the movement of coarse 
bedload. The rapid decrease in acoustic energy around June 10th was likely due to the 
hydrophones being buried by sediment. The subsequent rapid increase in acoustic energy on June 
16th may represent the material being transported away from the hydrophones. Figure 27 shows 
the data from Halfmoon Creek after applying the 1 kHz and 10 kHz high-pass filters. The strong 
dependence on discharge is reduced; however, there are periods of relatively large sediment flux 
that are not mirrored in either of the acoustic data sets. It is possible that this is still due to the 
hydrophones being buried under gravel. Finally, Figure 28 shows the raw and filtered RMS of 
the acoustic data versus the physical sample that was collected at the same time. 
 
 
Figure 27: Filtered RMS on Halfmoon Creek alongside bedload discharge versus time 
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Figure 28: Raw and Filtered RMS versus measured bedload on Halfmoon Creek 
 
 
4.6.2 Elwha River 
 
 The RMS for the Elwha data was calculated in 5-minute intervals to better approximate 
the physical sampling time. The unfiltered RMS from the mobile raft is shown in Figure 29 
alongside the water flow discharge (USGS station 12045500). The research team decided not to 
expend the effort for physical sampling on May 24th due to the very low flow, but sampling 
resumed on May 25th. 
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Figure 29: Acoustic RMS (blue, left vertical axis) and flow discharge (red, right vertical axis) of the 
Elwha River deployment. Flow data courtesy of waterdata.usgs.gov 
 
 It is difficult to determine from the comparatively short sampling period if the unfiltered 
RMS from the Elwha is as dependent on the flow as it was on Halfmoon. Nonetheless, the 1 kHz 
and 10 kHz filters were applied to the Elwha data using the same base code as for Halfmoon. 
Figure 30 shows the unfiltered, 1 kHz highpass and 10 kHz highpass data alongside the 
measured bedload discharge.   
Despite the low rates of transport, there is a clear indication that acoustic energy 
increased as the range of bedload transport rates increased. In the case of the Elwha data, the 
filters smoothed the data but had no significant effect on the overall trends. Figure 31 shows the 
raw and the filtered RMS versus the corresponding bedload sample for the Elwha River. There is 
no discernable trend between RMS and bedload for either the raw or filtered data.  
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Figure 30: Acoustic RMS and bedload for the Elwha River. Acoustic data from the mobile raft on the left 
axis with measured bedload transport (red, right axis) 
 
 
 
Figure 31: Raw and Filtered RMS versus measured bedload on the Elwha River 
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4.6.3 Trinity River 
 
 The Trinity River study was conducted at a period of extremely high flow and bedload 
discharge. Figure 32 shows acoustic data taken over 5-minute intervals from the raft on the eddy 
line on April 26th alongside the available flow discharge data (USGS station 11525854).  
 
Figure 32: Acoustic RMS (blue, left vertical axis) and flow discharge (red, right vertical axis) of the 
Trinity River deployment. Flow data courtesy of waterdata.usgs.gov 
 
Figure 33 shows the unfiltered and filtered RMS alongside the measured bedload. The 
red dots indicate the total bedload estimate provided by GMAH, and the horizontal bars indicate 
the duration of the total bedload measurement. Figure 34 shows the raw and filtered RMS versus 
the corresponding bedload sample for the Trinity River.  
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Figure 33: Acoustic RMS and bedload for the Trinity River. Acoustic data from the raft on the left axis 
with measured bedload transport (red, right axis). The horizontal bars represent to total time of the 
bedload measurement. 
 
 
Figure 34: Raw and Filtered RMS versus measured bedload on the Trinity River 
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There is some correspondence between increases in physically measured bedload and 
acoustic energy, but the correlation is not consistent and is less pronounced in the filtered data. It 
is likely that the high levels of flow noise and the fixed location of the hydrophones on one bank 
of the river contributed to the difficulty in recording an acoustic signal that represented total 
bedload particle motion. Continued research into signal processing methods and deployment 
methods that minimize flow noise and place hydrophones in close proximity to moving particles 
are needed if quality SGN data are to be collected at sites with fast-flowing water. 
 
4.7 Discussion 
 
It should be stated that the data from physical sampling was reported differently in each 
of the three cases. This is in part due to fact that the physical sampling was being conducted for 
purposes other than calibrating hydrophones. These differences make direct comparison between 
the three difficult. However, there are a few points of interest that are brought out by these 
analyses. First is that the difference in the unfiltered and filtered signals is most pronounced in 
the Halfmoon dataset, which is also the dataset with the only apparent relationship to flow 
discharge. In both the Elwha and Trinity datasets, the filtered data were smoother than the 
unfiltered data but had similar trends and were less affected by changes in flow rate. In contrast, 
the filtered data from Halfmoon is clearly different from the unfiltered data. It is possible that 
this could be explained by looking at the water velocity at the point of the hydrophone rather 
than the overall discharge which unfortunately was not measured. The Elwha is a much wider 
river than Halfmoon Creek and so any comparable change in discharge has a much smaller effect 
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on the velocity at a point on the Elwha compared to the Halfmoon. On the Trinity River, the raft 
with the hydrophones was placed in an eddy and was therefore somewhat isolated from the 
increasing speed of the water. Another point of interest is that there appears to be little advantage 
in using a 10 kHz filter instead of a 1 kHz filter. The 10 kHz filter drastically reduced the 
amplitudes, thereby limiting the dynamic range. Additionally, there is no noticeable difference in 
shape between the two, and as such the 1 kHz filter is preferable as it retains more the data.      
 
4.8 Conclusions 
 
Three case studies demonstrated deployment methods and illustrated challenges 
associated with using hydrophones to detect SGN as a surrogate method for monitoring bedload 
transport. On Halfmoon Creek, the acoustic data was collected from hydrophones that were 
semi-permanently installed. The hydrophones were near the particles in transport, and the 
mounting system created minimal surface disturbance. However, the study site and hydraulic 
properties created challenging conditions that at one point muffled the hydrophones and resulted 
in problematic data.  The careful arrangement of the mounting system was only possible because 
of shallow flow. In a river that is never wadable, a bottom-mount installation will be more 
difficult and expensive.  
The Elwha River deployment encountered uncharacteristically low gravel transport 
during the period of study. The hydrophones were mounted on a raft that allowed the system to 
be directly upstream of the physical sampling. Having the hydrophones mounted just below the 
surface generated extra flow noise. The separation of flow noise from the desired signal is likely 
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the most difficult aspect of the SGN method and is the focus of continued research into physical 
mounting and data processing.  
The flow noise was addressed on the Trinity River by floating the raft behind a tree in an 
eddy. In this way, the hydrophones were near the gravel bed but in relatively still water. 
Unfortunately, the flow in the river was so high that it caused multiple problems. First, the fast-
moving water made it dangerous to place the raft anywhere other than in an eddy or pool. 
Second, the high flow velocity washed out the tree to which the raft was mounted, and the raft 
was lost. A second set of hydrophones was deployed for the latter half of the study but could not 
be placed in the same location. 
In physical terms, the individual field studies were each successful. In each case, acoustic 
data was collected along with physical bedload sampling. However, straightforward comparisons 
between acoustic energy and bedload flux are not always consistent, and further analysis of the 
data is very complex. Based on quantitative and qualitative results from these studies, it is 
postulated that the ideal hydrophone installation is semi-permanent, minimizes surface 
disturbances, provides unimpeded sound propagation from the particles in transport to the 
hydrophone, and is sufficiently near the source of sound for unambiguous recording of SGN. 
Combining low-noise mounting with careful system calibration (as in Chapter 3) can yield 
acoustic data that can be compared between stream systems, allowing progress towards more 
general methodology for converting acoustic signals to bedload transport rates.  Continued 
refinement in low-disturbance mounting systems and additions to the existing body of data that 
combine physical measurements and acoustic data are two important needs for moving towards 
the goal of using acoustic data to estimate the rate of bedload transported in a stream  
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5 CONCLUSIONS AND FUTURE WORK 
 
5.1 Conclusions 
 
Extensive work has been done to advance the science of using SGN to monitor bedload 
transport in both laboratory and field settings. A summary of the conclusions of each study is 
described below.  
In order to create an environment where particle movement could be controlled and well-
known, a water tank system with replaceable gravel beds and a motor for dragging particles was 
designed and fabricated. Experiments were conducted in the tank to investigate the relationship 
between the acoustic emissions of small numbers of particles and particle properties such as 
mass and size. By dragging individual particles of known dimensions across artificial gravel beds 
at known speeds, it was shown that, for a given particle or set of particles, RMS and sediment 
flux have a linear relationship. Examining the frequencies of individual impulses from the 
dragging experiments showed some correspondence with previous results (Thorne 1986) for the 
relationship between frequency and particle size. A second set of experiments was conducted by 
dropping particles of various sizes onto a cobble repeatedly. The frequencies from these impacts 
were analyzed and a relationship was determined between particle size (measured as the b-axis) 
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and frequency. This relationship closely matched the theoretical relationship derived by Thorne 
(1986) for quartz particles.  
The implication from these experiments is that given a constant bedload size distribution, 
frequency and RMS may be useable as metrics for determining the size and quantity of particles 
in motion. The degree to which the bedload material can vary in size, shape, mineralogy, density, 
and a variety of other properties before adversely affecting this relationship is not fully known.  
Another area of research sought to further the ability to conduct field studies for SGN and 
compare the data to other field studies. For this purpose, a portable, piece-wise calibrated system 
was developed. In practice to date, several different recording systems have been used to collect 
SGN. Most of these systems use different off-the-shelf hardware and hydrophones, and the 
recording settings, hydrophone sensitivities, directional bias, etc., are not always reported. This 
means that data from multiple studies can rarely be used together and that analysis techniques 
developed from one study may not be applicable to others. The calibration of the individual 
pieces of the system presented here provides a guideline that will allow researchers to combine 
their data and analysis techniques more easily.   
This acoustic system was deployed on three different rivers in conjunction with physical 
sampling at each site. The sites represented a variety of hydraulic conditions that tested the 
useable range of the system. On Halfmoon Creek, the system was run continuously for one 
month with minimal user input. It is likely that the hydrophones became buried under gravel 
during the latter part of the deployment, making comparisons between the first several weeks of 
the study to the final week difficult. The semi-permanent mounting of the hydrophones was 
otherwise successful, allowing for near-continuous recording of acoustic data with the 
hydrophones physically near the particles in motion. Mounting the hydrophones on the raft 
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allowed for deployment on the Elwha and Trinity Rivers which were not wadable and for which 
a semi-permanent installation was not possible with the resources available at the time. The self-
contained system was highly mobile and provided flexibility for the large rivers. One drawback 
to this mounting technique is the added noise due to the turbulence created by the raft. Most of 
the data analysis to date has focused on comparing RMS to the measured bedload transport, 
which is complicated by the presence of noise due to both the turbulence of the flowing water 
and the pressure exerted on the hydrophones themselves by the water flowing around them. 
Attempting to eliminate or reduce the amplitude of the flow noise, two high-pass filters were 
applied to the data. Both the 1 kHz and 10 kHz filters appear to reduce the correlation between 
RMS and flow noise in cases where the dependence was visible. Given that the 10 kHz filter 
significantly reduces the amplitude of the entire dataset, the 1 kHz filter is preferable moving 
forward.  
This dissertation addresses three key areas needed to further the science of using SGN to 
monitor coarse bedload transport. First, laboratory experimental design that controls the particles 
in motion allows measured signals to be matched with the particles that created them. This in 
turn provides a basis either for in-depth study of fundamental mechanics, or for developing 
empirical relationships that may be adapted to field studies. Second, a hardware system capable 
of deployment in a variety of river systems was assembled and calibrated which allows the data 
from one study to be compared to another. As there is no current standard for acquisition of 
acoustic data in rivers, this is a significant step. Third, the collection of acoustic data 
contemporaneously with physical samples provides field measurements on which to test multiple 
methods of analysis.  
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5.2 Future Work 
 
Many aspects of the work presented here merit further investigation and validation. In the 
laboratory, the change in slope for the relationship between RMS of the acoustic signal and 
sediment flux should be explored. Further experimentation with a wider set of particles and 
combinations of particles should yield more insight into this relationship. As to the frequency-
size relation, further experimentation and analysis are needed to reduce the high variance in the 
data. It is possible that the variance is mostly due to the relative orientation of the particles upon 
impact, in which case the variance might itself be predictable based on shape properties of the 
particles. In addition, an automated method of accurately isolating the impulses for use in 
wavelet analysis would improve the usability of this method both in the lab and the field data.  
The hardware system could be improved for future deployments. A system that could be 
deployed on or near the bed of non-wadable systems would be useful. In addition, a completely 
self-contained recording system that eliminated the need for wires and cabling would expand the 
range of deployable sites. More hydrodynamically efficient mounting systems that minimize 
drag induced noise might contribute to better quality SGN data by reducing the amount of noise 
recorded.    
 The studies presented here further the task of monitoring sediment transport using SGN. 
However, they still represent a relatively small number of data points both in terms of physical 
samples collected for comparison, and in river conditions tested. In all three cases, the RMS does 
not appear to trend with bedload discharge. However, all three cases have possible logistical 
explanations for this. On Halfmoon Creek, the hydrophones became buried, thus likely lowering 
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the sensitivity of the system drastically. The Elwha River produced almost no gravel transport 
for the duration of the experiment; in many cases the measured bedload was only a few particles. 
For the Trinity River, the flow was too fast and the hydrophones could not be safely placed 
directly above the gravel in transport. More field studies are needed to investigate and validate 
relationships between SGN and transport properties found from theory and experimentation. 
Continued field data collection that results in data sets spanning a wide range of physical and 
hydraulic properties, along with concomitant advances in signal processing based on laboratory 
experiments, should lead to an increasingly useful tool for measuring coarse bedload in rivers 
and streams.   
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